Gallium alloys are liquids at room temperature, and are suitable as conductors in electronic circuits. Furthermore, gallium-based liquid metals immersed in a water-based electrolyte such as sodium hydroxide (NaOH) can be electrically actuated, enabling reconfigurable electronics such as RF switches, tunable filters, and tunable antennas. However, NaOH in liquid-metal reconfigurable electronics also causes RF losses that should be minimized by careful design and simulation. To accurately simulate the effects of NaOH at microwave frequencies, the complex permittivity of NaOH is required over the operating frequency range. Here, the complex dielectric permittivity of aqueous NaOH solutions is determined from 0.2 to 20 GHz by dielectric spectroscopy. NaOH solutions with concentrations of 0.01 moles/liter (M), 0.1 M, 0.25 M, 0.5 M, 0.75 M, 1.0 M, 1.25 M, and 1.5 M are investigated at 20 • C. The complex permittivity spectra are fitted by a Cole-Cole relaxation time distribution. In addition, the fitting parameters, including static permittivity ε s and relaxation time τ are reported, along with the distribution parameter α.
I. INTRODUCTION
Low-melting-point gallium-based liquid metals such as gallium-indium (EGaIn), gallium-indium-tin alloy (GaInSn), and gallium-indium-tin-zinc alloy (GaInSnZn) have been used to realize soft, stretchable, and shape-reconfigurable electronics and components [1] - [4] . The properties of liquid metal (LM) such as high electrical conductivity (3.4 × 10 6 -3.46 × 10 6 S/m) [5] , [6] , high fluidity (416.7-502.5 m·s/kg) [5] , [6] , and high surface tension (500-700 mN/m) [5] , [7] - [8] make it a popular choice for reconfigurable radio-frequency (RF) components such as switches, filters, tuners, and antennas [1] - [3] , [9] . Tunability in these RF components are achieved through hydraulic [10] , [11] , electrical [9] , [11] - [13] , or magnetic manipulation [15] of LM at millimeter and submillimeter-length scales. Electrical actuation is often preferred due to ease of The associate editor coordinating the review of this manuscript and approving it for publication was Nosherwan Shoaib . miniaturization and integration with conventional RF electronics [9] , [11] . Electrical actuation of LM is achieved by applying electrical potentials when the LM is immersed in an electrolyte, e.g. sodium hydroxide (NaOH) solution [12] , [13] , [16] . However, NaOH is an aqueous electrolyte, and thus is lossy at RF. Nevertheless, careful design and simulation can help minimize the effects of NaOH.
LM RF circuits can be designed and analyzed using electromagnetic field simulation software. However, for accurate results, the electromagnetic simulation of LM RF circuits that use NaOH requires the electrical properties of NaOH solutions in the RF/microwave frequency domain, particularly the complex permittivity and loss tangent as a function of frequency. Buchner et al. reported the dielectric properties of NaOH solutions at microwave frequencies [17] . However, the complex permittivity was adjusted for ohmic losses to study ionic relaxation in the presence of the electric field, whereas it is necessary to consider the total losses associated with both the dielectric and ohmic properties of NaOH for RF design and simulation. Therefore, the permittivity spectra in [16] should be expanded to include the complex permittivity for the total loss for frequencies greater than 1 GHz. Also, the molar concentrations of NaOH reported in [16] are different than commonly used NaOH used in LM RF devices [14] , [18] , [19] .
In this work, the complex dielectric permittivity of aqueous NaOH solutions (0.01 M to 1.5 M) is measured from 0.2 GHz to 20 GHz using dielectric spectroscopy. The complex permittivity spectra are fitted with a Cole-Cole relaxation time distribution [20] . The fitting parameters, including static permittivity ε s and relaxation time τ , are reported, along with the distribution parameter α. The measured permittivity of NaOH is used to simulate a microstrip transmission line and a coplanar waveguide switch using NaOH. The simulated results are in good agreement with measured S-parameters from the fabricated components. The complex permittivity spectra of NaOH aqueous solutions reported here will enable liquidmetal RF circuit designers to model and optimize devices that account for the properties of NaOH.
II. THEORY, MATERIALS, AND METHODS
The complex permittivity of a non-conducting material is defined asε
where ε is the relative dielectric permittivity and ν is frequency. The permittivity depends on the interaction of electromagnetic radiation with a non-magnetic, nonconducting sample. In conducting samples, the migration of charge carriers, such as ions, occur under the influence of the electric field. The contribution of charge-carrier migration can be expressed in terms of the complex conductivity,κ(ν). According to Maxwell's equations, the generalized permittivity determined by dielectric spectroscopy is [21] , [22] :
For electrolyte solutions the dispersion ofκ is small, so
and
Combining (2) and (4) defines the complex permittivity of electrolyte measured using dielectric spectroscopy in this work,η
Dielectric measurements were carried out using an openended coaxial probe (Keysight 85070E Dielectric Probe Kit) with a 3.5-mm aperture, connected to a computer-controlled network analyzer (HP 8720ES). The dielectric probe is suitable for measuring the permittivity of fluids with a loss tangent of more than 0.5 [23] . The dielectric properties were calculated from S 11 parameters using an admittance model [24] , which is suitable for the dielectric measurement of liquids. In addition, the measurement technique's error is between 1% and 2% when assessed by repeated measurement on standard liquids under strict temperature control [25] . In all experiments the dielectric probe was calibrated using open, short, and DI water at room temperature [23] . Three different calibration runs were completed with ten measurements each for each sample concentration, which were subsequently averaged.
III. CONTROL EXPERIMENT
To determine the measurement accuracy of the test method, the permittivity of an aqueous ionic solution of sodium chloride (NaCl) was measured and compared with results in the literature. For this control experiment, 1.0 M NaCl solutions were produced by dissolving 58.44 g of NaCl (Fisher Chemical S271) in DI water. In addition, the 1 M NaCl solution was diluted with DI water to create 0.2 M NaCl solution. The error of the weight measurement of NaCl was 0.01 g, which results in ±0.0002 M uncertainty in molarity, which is negligible. The solutions were kept in clean containers to avoid contamination with any impurities and minimize exposure to air. All the experiments were carried out at 20 • C.
For the NaCl sample measurement, the dielectric spectroscopy system was calibrated to linearly sweep 301 frequency points between 0.5 GHz and 20 GHz for 1-M solutions, and from 0.2 GHz to 20 GHz for 0.2-M solutions. The measured permittivity of NaCl solutions was compared with results in the literature to verify the accuracy of the measurements described in this paper. Fig. 1 compares the measured permittivity and conductivity of this study with [25] . Conductivity is calculated from the measured complex permittivity using [26] ,
where η is the imaginary part of the measured complex permittivity.
The measured permittivity of NaCl is in good agreement with the data reported in literature. The average disagreement between the permittivity measurements of this paper and the data from [19] is 1.0%. This correlation between the data measured for this paper and the data in the literature verifies that the measurement technique is suitable for ionic liquids. particularly at low frequencies. Therefore, the accessible frequency range is smaller and the measurement ofε(ν) is less precise at high ionic concentrations [17] , [27] .
The dielectric data measured for all NaOH concentrations were fitted to the Cole-Cole model [25] ,
where ε s and ε ∞ are the limits of the permittivity at low and high frequencies, τ is the relaxation time, σ i is the ionic conductivity, ε 0 is the permittivity of free space and α is a distribution parameter. For α = 0, (7) reduces to the Debye equation for a single relaxation time process [25] . However, NaOH solutions of 2 M or less are best fitted by a single Cole-Cole equation [17] . After the dielectric spectra were measured following the method described in Sec. II, each complex permittivity spectrum was fitted to the modified Cole-Cole model given in (7) using the least-squares curve-fitting function in MAT-LAB's optimization toolbox. All the parameters were floated except for the infinite-frequency permittivity. As the relative permittivity of NaOH solutions for frequencies greater than 100 GHz was unavailable, the extrapolated permittivity of water at 100 GHz at 20 • C, which is ε ∞ = 5.6, was used as the upper limit of the permittivity (ε ∞ ) for the Cole-Cole fitting. This assumption is consistent with the procedures of other works that report the dielectric permittivity of various electrolyte solutions at microwave frequencies [17] , [22] , [25] , [28] . Fig. 2 shows the measured permittivity ε (ν), loss tangent ε (ν)/ε (ν), and conductivity 2π f ε 0 η values together with the prediction of the Cole-Cole model. The experiment was carried out for the commonly used concentration of NaOH for liquid metal actuation [16] , [29] - [31] . The solid lines show the fitted data and the markers represent the measured data points. For clarity, only a few measured data points are shown. However, the full dataset is attached in the supplemental material (Appendix A and B). The 95% confidence intervals associated with each parameter are calculated. Table 1 shows the fitted parameters and root-mean-square error (RMSE) values of each fit. The prefix ''±'' corresponds to the 95% confidence interval. The relative permittivity of the NaOH solutions decreases significantly with increasing concentration. The variation in relaxation time with concentration is insignificant, yielding an average of τ = 9.65 ps which is similar to [17] , [25] . Also, the value of σ i is similar to [17] for 1 M NaOH. However, [7] does not report relative permittivity and fitting data for the NaOH concentrations in this work, resulting in slight variations in the values reported by this work and [7] . As an example, [7] reports ionic conductivity 17.88 S/m for 1.033 M NaOH at 25 • C, whereas this work reports an ionic conductivity of 17.6 S/m for 1 M NaOH at 20 • C.
As mentioned earlier, the purpose of this work is to report the complex permittivity of NaOH solution, as it is a popular electrolyte in LM circuits. This data can be used to simulate high-frequency device performance. Simulation software requires the permittivity and loss tangent of the materials. In the following section, the measured permittivity data of NaOH was used to simulate a microstrip transmission line in the presence of NaOH. The simulated results are compared to measured results from a fabricated transmission line.
V. MICROSTRIP TRANSMISSION LINE WITH NAOH
A 50-microstrip transmission line in the presence of NaOH was designed, simulated, fabricated, and tested (Fig. 3) . The transmission line is a 50-microstrip line on Rogers RT Duroid 5880 (0.787 mm thick). The dimensions of the transmission line were calculated using LineCalc in Keysight Advanced Design System, and are shown in Fig. 3 . A 0.58-mm-thick reservoir was constructed over the transmission line by using six stacked layers of Kapton tape as the reservoir wall [ Figs. 3(b) and 3(c) ]. A 0.75-mm-thick rectangular polystyrene piece was used to cover the reservoir. Then, the reservoir was filled with different concentrations of NaOH, and the S-parameters were measured using a HP 8720ES network analyzer. Fig. 4 shows the S 21 (50 MHz to 20 GHz) of the simulated and measured transmission line covered with 0.5 M, 1 M, and 1.5 M NaOH. The simulation was performed using Ansys High-Frequency Software Simulation (HFSS). In the simulated device, all the material properties, including dielectric permittivity, are selected from the HFSS library, except for NaOH. The dielectric permittivity spectra shown in Sec. IV was used to simulate the transmission line. It was observed that the insertion loss increases for the higher concentrations of NaOH. In Fig. 4 , the insertion loss (S 21 ) of the simulated transmission line is in good agreement with the measured values, for all the NaOH concentrations tested. This verifies the accuracy of the permittivity spectra measured in this work.
VI. ELECTRICALLY ACTUATED LIQUID-METAL SWITCH
Among the gallium-based non-toxic liquid metals, galliumindium-tin alloy (GaInSn), commercially known as Galinstan, is a popular tuning element in reconfigurable electronics. Moreover, the ability to electrically actuate GaInSn enabled VOLUME 7, 2019 the creation of various reconfigurable RF electronics such as a liquid-metal switch [32] , filter [33] , and antenna [34] . However, electrically actuated liquid-metal reconfigurable electronics suffers from degraded performance due to the lossy NaOH electrolyte used for actuation [16] , [30] - [32] . The dielectric spectra of NaOH measured in Sec. IV can help model the losses and performance degradation in LM circuits and components. Here, a previously demonstrated electrically actuated DC-to-11-GHz liquid-metal switch [32] is simulated for the first time. The model helps to examine the device performance and losses due to the presence of NaOH.
The switch reported in [32] is a coplanar waveguide (CPW) liquid-metal shunt switch that is operated by electrically actuating LM in presence of NaOH [ Fig. 5(a) ]. Four states of the switch are described in [32] Fig. 5(a)(IV) ]. The measured [32] and simulated (this work) insertion loss of the switch for the states corresponding to Fig. 5 (a)(I) and (II) are shown in Fig. 5(b) . The measured [32] and simulated (this work) insertion loss of the switch for the states corresponding to Fig. 5(a) (III) and (IV) are shown in Fig. 5(c) .
The dielectric spectra of 1 M NaOH measured in this work (Fig. 2) was used for the simulations (Fig. 5b, c) . The other materials used in the switch were modeled using the properties selected from the built-in library of Ansys HFSS. The average difference between simulated and measured insertion loss is 0.7 dB. Hence, this model can be useful for design optimization through loss reduction; for example, the insertion loss of the switch can be optimized by changing the NaOH concentration.
These results show that the NaOH properties measured in this work can be used to model RF components that use NaOH. This kind of simulation will allow engineers to optimize device performance before fabrication, especially for LM high-frequency circuits and components.
VII. CONCLUSION
The complex permittivity of NaOH was measured in the frequency range of 0.5 to 20 GHz using dielectric spectroscopy. The measured permittivity was verified by comparing HFSS simulations to measured values from RF components. As NaOH is a popular electrolyte for electrical actuation of liquid metal in reconfigurable electronics, the permittivity presented in this work will enable liquid-metal RF circuit designers to optimize designs through simulation. 
